A biochemical characterization was performed with a partially purified RNA ligase from isolated mitochondria of Leishmania tarentolae. This ligase has a £" of 25 ± 0.75 UM and a V"" of 1.0 x lO"* ± 2.4 x lO"" nmol/ min when ligating a nicked double-stranded RNA substrate. Ligation was negatively affected by a gap between the donor and acceptor nucleotides. The catalytic efficiency of the circularization of a single-stranded substrate was 5-fold less than that of the ligation of a nicked substrate. These properties of the mitochondrial RNA ligase are consistent with an expected in vivo role in the process of uridine insertion/deletion RNA editing, in which the mRNA cleavage fragments are bridged by a cognate guide RNA.
RNA ligases are present in a large variety of organisms, but only a few have been implicated in specific metabolic pathways. For example, T4 RNA ligase repairs nicks in the anticodon domains of tRNAs in T4-infected Escherichia coli cells (1) . In eukaryotes and Archea, a tRNA ligase is involved in tRNA splicing; this RNA ligase contributes to the maturation of tRNAs by joining tRNA half molecules generated by the removal of introns from tRNA precursors (2) . Recently, a 2'-5' RNA ligase has been characterized in uninfected bacteria; the function of this RNA ligase remains unclear, but it may reveal an unexpected step in E. coli RNA metabolism (3) . An RNA ligase has also been invoked for the final step of uridine insertion/deletion RNA editing in mitochondria of kinetoplastid protozoa (4) .
RNA editing in kinetoplastid mitochondria is a posttranscriptional maturation of pre-edited mRNA (5) . This modification process consists of insertions and, to a lesser extent, deletions of U residues in the pre-edited mRNA, usually within coding regions. The information for the specific insertions or deletions is present as complementary sequences (allowing G-U base pairs) in short guide RNA molecules (gRNAs).^ The gRNAs are encoded by both the maxicircle and minicircle components of the mitochondrial DNA (kinetoplast DNA) of trypanosomatids (4) . Evidence to date suggests that the modified enzyme cascade model (4-9) is essentially correct, but * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement' in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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' The abbreviations used arc: gRNA, guide RNA; nt, nucleotide(s); AMP-PNP, adenosine S'-(/3,'y-imino)tripho8phate; AMP-CPP, adenosine 5'-(a,0-methylcne)triphosphate; bp, base pair(s). many details remain to be established. A specific gRNA first forms a duplex region just downstream of the editing site. This is followed by a precise endonucleolytic cleavage at the first mismatched base (10, 11) , addition of Us to the 3' end of the 5' cleavage fragment, trimming of non-base-paired Us by a 3' to 5' exonuclease, and finally a religation of the two cleavage fragments. An RNA ligase activity has been detected in isolated mitochondria of Leishmaniatarentolae (12) and Trypanosoma brucei (13) . Ligase activity sedimented as a megor 20 S peak and a minor 10 S peak in glycerol gradients of mitochondrial extract from L. tarentolae. In T. brucei, mitochondrial ligase activity sedimented as two peaks of equal size (14) . Two proteins of 50 and 45 kDa in both species were detected comigrating with the ligase activities. These two proteins could be adenylated by [a-'^P] ATP and deadenylated by incubation with ligatable RNA substrates (13) and therefore may represent putative components of the mitochondrial RNA ligase (14) . Comigration of in vitro gRNA-dependent U insertion and U deletion activities in T. brucei (15, 16) , gRNA-independent U insertion activity in L. tarentolae (17, 18) with the 20 S ligase activity, and the inhibition of the in vitro editing activities by' ATP analogs nonhydrolyzable at the a-/3 bond were consistent with a role for the RNA ligase in the editing reaction. A band on a native gel has been identified as the 20 S complex that contains the two adenylatable proteins in a mitochondrial extract from L. tarentolae (14) .
In this paper, we show that a partially purified mitochondrial RNA ligase from L. tarentolae can join two RNA molecules that are bridged by another RNA molecule in a model system similar to that occurring in the editing reaction.
EXPERIMENTAL PROCEDURES RNA Substrates-The mRNA substrates were synthesized by T7 RNA polymerase transcription. A 210-nt edited cytochrome b (Cyb) mRNA (19) was transcribed from a recombinant plasmid linearized with Earl. T7 transcription was performed in 50-;il reactions containing 2 fig of template DNA, 5 mM NTPs, 40 mM Tris-HCl (pH 8.0), 2 mM spermidine, 10 mM dithiothreitol, 20 mM MgCl,, 5 mM NaCl, 0.05% Nonidet P-40,12.5 units of inorganic pyrophosphatase and 100 units of T7 RNA polymerase at 37 °C for 15 h (20) . The transcripts were purified from acrylamide gels by elution at 4 °C in 0.5 M sodium acetate (pH 5.2), 1 mM EDTA. After ethanol precipitation, the RNAs were rcsuspended in water. RNAs longer than 30 nt were commercially synthesized using a DNA nucleotide attached to the column because this provided a more robust synthesis (Oligo Therapeutics Inc.). This type of synthesis produced RNAs with a 3' terminal DNA nucleotide. Short RNAs were synthesized using only ribonucleotides (Oligo Therapeutics, Inc.). The RNAs were purified by polyaciylamide gel electrophoresis, resuspended in water at a concentration of 100 fiM, and stored at -80 °C.
Labeling of RNAs-T7-synthcsized RNAs (10 fig) were dephosphorylated by incubation with 0.01 unit of calf intestinal alkaline phosphatase (Life Technologies, Inc.) at 37 °C for 1 h in 100 fil of 50 mM Tris-HCl (pH 8.5), 1 mM EDTA. The reaction was stopped by phenol extraction, followed by ethanol precipitation. The 5' OH-RNA was labeled in 30 jil of 50 mM Tris-HCl (pH 7.5), 10 mM MgCl,, 5 mM dithiothreitol, 0.1 mM Fig. 9A . For the circularization reactions, substrates were used in the reaction without prior treatment. Reactions were terminated by phenol extraction and ethanol precipitation, followed by centrifiigation in an Eppendorf microcentrifuge at 14,000 x ^ at 4 °C for 30 min. Reaction products were resuspended in gel loading buffer (formamide with 0.01% of xylene cyanole, 0.01% bromphenol blue and 30 mM EDTA), heated for 2 min at 80 °C, and electrophoretically separated on a 7 M urea-5% acrylamide at 500 V for 2 h. Following electrophoresis, gels were dried and exposed to a Phosphorlmager screen (Molecular Dynamics). For analysis of the initial velocity kinetic constants, increasing concentration of either 5'-labeIcd substrates (circularization assays) or 3'-labeled substrates (bridged-ligation reactions) were incubated with constant concentration of enzyme as described above. The optimal reaction time to ensure steady-state conditions was determined by a reaction-progress curve (data not shown). Reactions were terminated by phenol extraction and ethanol precipitation. The velocity of conversion of substrates into ligated products was calculated for each substrate and plotted as a function of substrate concentration. These data were plotted as doublereciprocal plots, allowing graphical calculation of the first-order rate constants {K" and V"") for the various substrates.
Native Gel Electrophoresis-RNA substrates were annealed as for the bridging ligation followed by the addition of Tris-HEPES buffer (pH 7.6) to 50 mM, MgCl, to 10 mM, and glycerol to 10%. After incubation for 30 min at 30 °C, samples were loaded on pre-electrophoresed 12% acrylamide gel (acrylamide:bisacrylamide ratio, 29:1) with 50 mM Tris-HEPES, 10 mM MgClj. Electrophoresis was performed at a constant voltage of 150 V using 0.01% bromphenol blue as a mobility marker. After the dye migrated 10-12 cm from the top of the gel, the gel was fixed, dried, and exposed to a Phosphorlmager screen (Molecular Dynamics). The dissociation constant for the 3'-fragment-bridge RNA complex was determined using increasing concentrations of bridge RNA in several independent experiments.
RESULTS
Circularization of a 210-nt RNA by the Mitochondrial RNA Ligase-^The mitochondrial RNA Ugase could circularize substrate RNAs that had 3' OH and 5' PO4 termini. The major ligation product migrated off the diagonal formed by linear marker RNAs in two-dimensional acrylamide gel electrophoresis (Fig. IB, 2 ). This anomalous electrophoretic migration is characteristic of circular molecules (21). Cofactor Requirements-Nucleotide cofactor and divalent cation requirements of the Ugase reaction are shown in Table I . The L. tarentolae RNA ligase has an absolute requirement for ATP and Mg^*. Neither UTP nor CTP could substitute for ATP; GTP could substitute for ATP, but to a lesser extent. The optimum Mg^"^ concentration was 5 mM; concentrations greater than 10 mM were inhibitory (data not shown). No ligase activity was detected in the presence of 0.5-10 mM CaClj, ZnClj, or MnCl2. The ligase did not require monovalent cations for activity, and no stimulation was observed in the presence of KCl, NaCl, NH4CI, or NH4OAC (data not shown). The ligase activity was inhibited 22-fold by 200 mM KCl (data not shown) and showed a narrow optimal pH range between pH 7.5 and 9.0 (data not shown).
The Mitochondrial RNA Ligase Requires 5' Phosphate and 3' OH Termini-RNA ligases can be divided into several classes, depending on the preference for given termini on the substrate RNA. To investigate the requirements of the L. tarentolae mitochondrial RNA ligase, two RNAs containing either 5' OH and 3' phosphate or 5' phosphate and 3' OH termini were used as substrates in the circularization assay. As shown in Fig. 3 , ligated products appeared only with the latter substrate. These results indicated that L. tarentolae mitochondrial RNA ligase is similar to T4 RNA ligase in that it requires a 5' phosphate and a 3' OH. The different synthetic substrates were tested under steadystate conditions (Fig. 7) , and the first-order rate constants for each substrate were calculated, as shown in Table II . These data indicate that the preferred substrate for the ligase is a double-stranded RNA with a nick. As the distance separating the 3' end of the 5' fi'agment from the 5' end of the 3' fragment was increased to create a gap of 1, 2, or 3 nt, a decreased efficiency of ligation was observed. With a 3-nt gap separating the two fragments, a 416-fold decrease in ligation efficiency was observed, as shown by comparing the relative V^^K^ of the nicked and the 3-nt gapped substrates in Table II Table n. substrates in Table II. Comparison of the ligation efficiency of the mitochondrial RNA ligase and T4 RNA ligase indicated that the mitochondrial ligase was almost 100-fold more efficient in catalyzing the ligation reactions of the substrates used under the ligation conditions described. Interestingly, we observed that the T4 RNA ligase could ligate the nicked substrate with an efficiency comparable to that of the circularization reaction (Table II) . This observation is in contrast with previous reports that showed a lack of ligation by this enzyme when the ends to be ligated were fully base paired (25) .
The efficiency of ligation by the mitochondrial ligase was also affected by the length of the substrate used in the circularization reaction. Whereas the 210-nt Cyb-210 substrate was efficiently Ugated, the 30-nt EPl-30 substrate (Table II) Another property of the mitochondrial RNA ligase consistent with a role for joining two mRNA cleavage fragments that have undergone either U addition or U deletion at the 3' end of the 5' fragment is the lack of a requirement for a specific 3' nucleotide on the 5' fragment. U deletions in particular would frequently expose a 3' terminal A, G, and sometimes C, which must be joined to the 3' cleavage fragment. Furthermore, the preference for ligation of a nicked substrate is consistent with ligation generally occurring in vivo after a precise trimming of the 3' single-stranded overhang (5). The less efficient ligation of bridged fragments with a gap or with a 3' overhang may be responsible in vitro and possibly also in vivo for the appearance of a variable percentage of misedited molecules that contain the incorrect number of Us at an editing site (35-37).
The dependence of Ugation efficiency on the length of the gap separating the two bridged fragments is consistent with the results of Cohen and Cech (38), who quantitated by disulfide cross-linking the relative flexibility of an RNA bridged duplex consisting of three strands. They examined constructs in which a bridge RNA hybridized to two RNA molecules yielding a nick or single-stranded gaps of 1, 2, or 3 nt. The relative flexibility of the nicked duplex was 2 orders of magnitude less than that of the duplexes with gaps of 1-3 nt. The high relative rigidity of the nicked duplexes in the constructs that we have employed may be one of the major factors increasing the efficiency of ligation of the two mRNA fragments and inhibiting the formation of chimeric molecules, as we have observed. The higher flexibility of the gapped duplexes similarly may be responsible for increased formation of chimeric molecules (Fig. 6) . In any case, the increased formation of chimeric molecules in the gapped substrates is entirely consistent with the kinetic data in Table II in that the decreased efficiency of bridged ligation due to the gaps would allow the ligation of the 3' end of the gRNA to the 3' cleavage fragment, which essentially represents a circularization ligation.
In a comparison of the L. tarentolae mitochondrial RNA ligase and T4 RNA ligase, each enzyme appears to prefer its native substrate. The mitochondrial RNA ligase is approximately 100-fold more active in ligating a nicked double-. stranded RNA substrate, and the T4 RNA ligase is more active in ligating a nicked tRNA substrate.
In conclusion, we have shown that a partially purified mitochondrial RNA ligase activity from L. tarentolae has several properties consistent with the ligase proposed to be involved in RNA editing. Purification to homogeneity and cloning of the gene(s) coding for this enzjrme should provide answers to many of the outstanding questions about this biochemical mechanism.
